The intensity of the mixed lymphocyte response (MLR) depends on the genetic disparity between the donors of responding and stimulating cells. Differences in the major histocompatibility complex (MHC) and Mls1 antigens induce the strongest responses. However, even with comparable incompatibilities in MHC and Mls antigens, some strains of genetically defined mice respond remarkably better than other strains. Apparently other, so far undefined, genetic factors contribute to the magnitude of the MLR. The strain OcB-9 (H2 pz ) has 87.5% genes from the strain O20/A (O20) and 12.5% genes from strain B10.O20 (both H2 pz ). In spite of the overal similarity of their genomes, OcB-9 mice differed from O20 mice in response to three different alloantigens C57BL/10 (H2 b ), BALB/c (H2 d ) and CBA (H2 k ). As both O20 and OcB-9 strains carry identical haplotype H2 pz , their differences in alloantigen response depend only on non-MHC genes. We analyzed the genetic basis of these strain differences using (OcB-9 × O20)F 2 hybrids, and we mapped a novel locus Alan2 (Alloantigen response 2) on chromosome 4 near D4Mit72 that influences the response to all alloantigens tested. This linkage was significant for C57BL/10 and for BALB/c alloantigens (corrected P values 0.0475 and 0.0158, respectively) and highly suggestive for CBA (corrected P = 0.0661). The response to DBA/1 (H2 q ) alloantigens exhibited a similar pattern but the linkage was not significant. As MLR reflects the recognition phase of transplantation reaction, identification of human counterparts of the Alan genes and a better understanding of the regulation of alloresponsiveness might lead to a better prediction of patients' reactions to allografts and to a more individualized measures to prevent rejection. Genes and Immunity (2000) 1, 483-487.
Introduction
The mixed lymphocyte reaction (MLR) is considered to be an in vitro correlate of the antigen-specific initiation phase of an allotransplantation reaction. The MLR starts by the engagement of the T cell receptor complex with alloantigen presented in the context of major histocompatibility complex (MHC), a second activation signal is provided on the surface of antigen-presenting cells (APC) by interaction of B7-1 (CD80) and B7-2 (CD86) with CD28 on T cell. CD28 ligation facilitates T cell activation via both IL-2-dependent and IL-2-independent regulation of cell cycle progression. 1 Another secondary costimulatory signal is an interaction of CD40 on APC with CD40L on T cell. 2 As the strongest proliferative stimulus is generated by class II incompatibility, the principal MLR responding cells are CD4 + T cells, but other immunoregulatory cells and their products, such as IL-1, IL-6, 3 IL-2, IFN␥, IL-4, 4 IL-10, 5 GM-CSF, 6 NO 7 can quantitatively influence the response. Data about influence of some of these factors are often contradictory. The final proliferation in the MLR may thus be influenced by a number of genes controlling individual steps of the proliferative reaction in the responding cell population. The intensity of the MLR depends on the genetic disparity between donors of responding and stimulating cells. The differences in MHC antigens induce the strongest responses. In the mouse, the Mls-1 superantigen encoded by Mtv-7 provirus 8 is another strong MLR stimulator. However, even with the comparable incompatibilities in MHC and Mls antigens, some strains of genetically defined mice respond remarkably better than other strains. 9, 10 Apparently, other so far undefined genetic factors contribute to the magnitude of the MLR.
To study the genes which influence MLR response, we used the recombinant congenic strains (RCS), which were developed for analysis of multigenically controlled biological processes. 11 A series of RCS is produced by backcrossing and subsequent inbreeding from two par-ental inbred strains: a "background" strain and a "donor" strain. As a result the multiple non-linked genes responsible for phenotypic differences between the donor and background strains became separated into different RC strains. We have already successfully used the RCS system to study immune response and we have separated and mapped the multiple loci controlling the T cell proliferative response to IL-2, 12 anti-CD3 13 as well as the cytokine production.
14 RC strains may be especially useful in analysis of relationships of different components of complex traits, such as susceptibility to infections. 15, 16 In our previous work we have analyzed the genetic basis of the response to different alloantigens by the strains BALB/cHeA (BALB/c) and STS/A (STS), STS being a high and BALB/c a low responder to all alloantigens tested. Subsequently, the response of 20 BALB/c-c-STS/Dem (CcS/Dem) RC strains was tested. We have found that the strain distribution pattern of high and low MLC response to different alloantigens was very similar, indicating that this response is largely controlled by the same set of genes. 10 In a cross of the high responder RC strain CcS-5 and the parental strain BALB/c we mapped one of the controlling loci Alan1 (Alloantigen response 1) on chromosome 17, centromeric to the MHC region. 17 Presently, we have extended our studies and analyzed response to alloantigens in O20/A (O20)-c-B10.O20/Dem (OcB/Dem) RC strains. Both parental strains of OcB/Dem series carry identical haplotypes (H2 pz ) and therefore their differences in alloantigen response depend only on non-MHC genes.
In the pilot experiment we analyzed response of splenocytes of parental strains O20/A (O20) and B10.O20/Dem and OcB/Dem strains to C57BL/10Sn (B10), BALB/cHeA (BALB/c), CBA/Ph (CBA), and DBA/1Ph (DBA) alloantigens. The RC strain OcB-9/Dem (OcB-9), which has 87.5% genes from the strain O20 and 12.5% genes from the strain B10.O20
18 exhibited significant difference in response to all the alloantigens tested from background parental strain O20. In order to map the loci responsible for this difference we analyzed the F 2 hybrids between this RC strain and the parental strain O20.
Results

Linkage analysis in the cross between O20 and OcB-9
The RC strain OcB-9 exhibited higher proliferative response to alloantigens than both parental strains O20 and B10.O20 and differed from background parental strain O20 (Figure 1 ). We analyzed these strain differences by examining the response to B10 (H2 b ), BALB/c (H2 The MLC reactivity of O20, B10.O20 and OcB-9 strains. Proliferative response of spleen cells in RPMI medium only and stimulated by B10, BALB/c and CBA alloantigens was measured as described in Materials and methods. The data show the mean ± s.e. from three independent experiments. tion was apparent also in the linkage data (Table 1) : for all alloantigens there was indicated linkage of high response to the B10.O20 allele of the marker D4Mit72. The high response was observed in homozygotes with B10.O20 allele and in heterozygotes. This linkage was significant for B10 and for BALB/c alloantigens with P values corrected according to Lander and Kruglyak 19 being 0.0475 and 0.0158, respectively, and highly suggestive for CBA (corrected P = 0.0661) when stimulation indices were evaluated. The response to DBA alloantigens exhibited the same pattern of linkage but did not reach significance because of the generally smaller range of differences between the responses of individual F 2 mice (data not shown). The same linkage has been seen when differences between the counts in stimulated and control cultures were used instead of stimulation indices: for all alloantigens the high response was associated with the B10.O20 allele of D4Mit72 (for the BALB/c corrected P = 0.064, for pooled responses to all alloantigens corrected P = 0.02). These data indicate that a novel locus, Alan2 (Alloantigen response 2), located in the vicinity of the marker D4Mit72 on chromosome 4 controls response to B10, BALB/c, CBA and likely also DBA alloantigens.
Discussion
The observation that the strain OcB-9 exhibits higher proliferative response than both parental strains (Figure 1 ) is possible to explain by the fact, that this response is in parental strains controlled by different sets of non-linked genes. A new combination of these genes in RC strain OcB-9 led to appearance of a new phenotype different from those observed in parental strains.
We have established the linkage of the proliferative response to B10, BALB/c and CBA antigens to the marker D4Mit72, which defines a novel locus Alan2 in the vicinity of this marker. The strain OcB-9 carries on distal part of this chromosome a region of about 24.5 cM of the B10.O20 origin (Figure 2 ). In this segment is localized Csf3r (colony stimulating factor 3 receptor (granulocyte)) (http://www.informatics.jax.org./). GM-CSF influences MLC response, 6 but no influence of a polymorphism in Csf3r on MLR has been described.
The finding that the response to the three different alloantigens is linked to the same chromosomal locus seems surprising. One explanation might be presence of structurally related motifs among different H2 alleles 20 and thus we would observe reaction against some common epitope, but this would not explain the significant differences among response of F 2 hybrids of different genotypes at D4Mit72. Therefore, these data more likely indicate, in accordance with previous observations, 10, 17 that there could exist at least two types of factors influencing alloreactivity. The first type includes the structural differences in major and minor antigens. The second type, described in this paper, is most likely based on polymorphism in gene(s) which code factors(s) participating in the T-cell receptor signal transduction or mediating costimulatory signals by antigen-presenting cells.
The decision whether the response to the B10, BALB/c and CBA is controlled by one gene or by several linked genes and what is the nature of its (theirs) action could be reached only after a more precise mapping of these responses on chromosome 4.
Antigen recognition and the subsequent cell activation is one of the central issues studied by immunology. Many models have been developed to elucidate its mechanisms (for review see Valitutti and Lanzavecchia; 21 Germain and Štefanová. 22 ) Our studies complement biochemical approach by analysis of genetic regulation of these processes and could lead to identification of a new important elements of cell activation pathways and to reveal how genetic polymorphism of these elements influences antigen response.
As the MLR reflects the recognition phase of transplantation reaction, identification of human counterparts of the Alan genes and a better understanding of the regulation of alloresponsiveness might lead to a better prediction of patients' reactions to allografts and to a more individualized immunosuppresive treatment. As immunosuppression may represent a danger for the patient, any possibilities to estimate more precisely its necessary levels may improve the treatment or decrease the risk of complications.
Materials and methods
Mice
Mice, both male and female, of strains O20, OcB-9 and F 2 hybrids between O20 and OcB-9 (all H2 pz ) came from P Demant's breeding colony. The genetic composition of strain OcB-9 has been described in detail in Stassen et al. 18 When used for these experiments strain OcB-9 was in at least generation 31 of inbreeding and therefore highly homozygous. B10 (H2 Genotyping of simple sequence length polymorphism (SSLP) by PCR DNA was isolated from tails using a standard proteinase procedure. The strain OcB-9 differs from O20 at 13B10.O20 derived segments on 10 chromosomes. 18 These differential segments were typed in the F 2 hybrid mice using 26 microsatellite markers: D2Mit7, D2Mit56; D4Mit72; D4Mit54; D4Mit26; D6Mit31, D6Mit36, D6Mit52; D7Nds2, D7Mit39, D7Mit12, D7Nds4; D8Mit3, D8Mit65; D10Mit12, D10Mit122; D11Mit15; D16Mit130; D18Mit14, D18Mit17, D18Mit35; D19Mit61, D19Mit63, D19Mit9, D19Mit3, D19Mit33. The maximum distance between any two markers in the chromosomal segments derived from the B10.O20 strain or from the nearest O20 derived markers was 17 cM. PCR genotyping was performed as described, 24 , and 1 min at 23°C. Each PCR product was mixed with 30 l of loading buffer and electrophoresed in 6% acrylamide gels for 2-2.5 h at 50 W. Gels were wrapped in Saran Wrap (Dow Chemicals Co., Midland, MI, USA) and exposed to X-ray film X-OMAT AR (Kodak, Weesp, The Netherlands) for 1.5-24 h at −70°C.
Statistical analysis
The role of genetic factors in proliferative response was examined by analysis of variance (ANOVA, NCSS). Marker, gender and age were fixed factors and the experiment was considered a random parameter. The MLR response was expressed either as stimulation index (see above) or the counts of nonstimulated suspensions were subtracted from the counts of suspensions with irradiated cells. In order to obtain normal distribution required for ANOVA, the obtained values were transformed as shown in the legend of the Table 1 The Spearman correlation coefficients were computed by the NCSS package.
